How activity of sensory neurons leads to perceptual decisions remains a challenge to understand. Correlations between choices and single neuron firing rates have been found early in vestibular processing, in the brainstem and cerebellum. To investigate the origins of choice-related activity, we have recorded from otolith afferent fibers while animals performed a fine heading discrimination task. We find that afferent fibers have similar discrimination thresholds as central cells, and the most sensitive fibers have thresholds that are only twofold or threefold greater than perceptual thresholds. Unlike brainstem and cerebellar nuclei neurons, spike counts from afferent fibers do not exhibit trial-by-trial correlations with perceptual decisions. This finding may reflect the fact that otolith afferent responses are poorly suited for driving heading perception because they fail to discriminate self-motion from changes in orientation relative to gravity. Alternatively, if choice probabilities reflect top-down inference signals, they are not relayed to the vestibular periphery.
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neuronal threshold | choice probability | psychophysical threshold | otolith afferent | heading discrimination T he neural basis of perception holds a long-standing fascination for neuroscientists. How do the properties of single neurons and populations of neurons relate to, and account for, sensory perception? In all sensory systems, information about the world is first translated into neural activity by peripheral receptor neurons, and then transformed by multiple stages of subcortical and cortical processing into a perceptual decision. How and where does perception emerge from multiple neural representations that appear to be at least partially redundant? These questions have been addressed often in sensory and multisensory cortex (e.g., in refs. 1-3 for vestibular perception), but much less is known about how the activity of sensory afferents relates to perceptual sensitivity and perceptual decisions.
One way to assess a potential role of sensory neurons in a perceptual task is to compare neuronal and perceptual sensitivity, measured simultaneously in the same subject (4) . Although this comparison has been done many times for cortical neurons (1, (5) (6) (7) , little is known about how the sensitivity of peripheral afferents compares with behavior apart from microneurography studies of tactile afferents in humans (8, 9) . To our knowledge, the present study provides the first direct comparison of afferent neuronal sensitivity and perceptual sensitivity, measured simultaneously in experimental animals. Results of such comparisons have important implications for understanding how population encoding and decoding may constrain and shape the information that guides behavior.
Another way that neuroscientists have explored the functional links between sensory neurons and perception is by measuring the trial-by-trial correlations between neural activity and perceptual decisions, which are typically quantified as "choice probabilities" (CPs) (10) . The "bottom-up" explanation of CPs is that trial-to-trial variability in the activity of sensory neurons drives variability in decisions; in contrast, the "top-down" explanation is that higher level signals related to decisions or featural attention are fed back to modulate the responses of sensory neurons (reviewed in ref. 11). To our knowledge, CPs have never been measured for primary afferents in any sensory system. Such measurements are potentially of interest because they may help clarify whether trial-to-trial response variability at the sensory periphery can be correlated with decisions, and whether top-down signals may propagate all of the way back to afferents.
For some sensory systems and perceptual tasks, the relationships between afferent activity, behavioral sensitivity, and perceptual decisions cannot be examined because afferents do not exhibit the same forms of stimulus selectivity seen in the cortex (e.g., binocular disparity or direction tuning in primate visual neurons). In this regard, the vestibular system may provide an alternative model to probe the origin of CPs because similar basic forms of spatiotemporal directional selectivity are seen at many levels of processing, from afferents to cortex (12) . Recently, we provided the first demonstration (13) , to our knowledge, that subcortical neurons in the vestibular nuclei (VN) and cerebellar nuclei (CN) could exhibit robust CPs, and these effects were even larger than those effects measured in some cortical areas under identical stimulus conditions (e.g., ref. 1). Interestingly, we also found that the CPs of these subcortical neurons were correlated with the degree to which the neurons represented translation (heading) without being confounded by head orientation relative to gravity. This result suggested that CPs might emerge in the vestibular pathways after resolution of the tilt-translation ambiguity (14) . If so, this logic predicts that
Significance
One major goal of systems neuroscience over the past decades has been to understand how the activity of sensory neurons mediates perception in simple decision-making tasks. It has remained fundamentally unclear whether and how the activity of primary sensory afferents limits behavior and contributes to decisions. We have tackled these issues by recording, for the first time to our knowledge, from otolith afferents during a heading discrimination task. We show otolith afferents have sensitivity comparable to central neurons, with some approaching behavior. However, they do not exhibit significant choice-related activity, indicating that downstream transformations of vestibular signals are necessary for vestibular activity to become predictive of the animal's choices. These findings have important implications for understanding how choice-related activity arises in sensory pathways.
otolith afferents, which encode the net gravitoinertial acceleration, and therefore confound tilt and translation (15), would not exhibit CPs.
We simultaneously measured heading discrimination performance while recording from otolith afferents, the primary sensory neurons that carry linear acceleration information to the brain. We addressed the following questions. First, how does the heading sensitivity of otolith afferents compare with central vestibular neurons? Are central vestibular neurons more sensitive than afferents because they have greater average modulation amplitudes than afferents (16) (17) (18) (19) (20) (21) (22) (23) , or do changes in response variability counteract these differences in response gain? Second, do otolith afferents show choice-related activity, and how do CPs of afferents compare with CPs measured in central neurons and cortical areas?
Results
Comparison Between Neuronal and Psychophysical Thresholds. We recorded from otolith afferents during a fine heading discrimination task in which animals made saccades to indicate whether their perceived direction of translation was leftward or rightward relative to straight ahead (Fig. 1A) . Receiver operating characteristic (ROC) analysis was used to construct neurometric functions that could be compared with behavioral data ( Fig. 1 B and C) . Psychometric ( Fig. 1D ) and neurometric ( Fig. 1E ) data were fitted with cumulative Gaussian functions to compute thresholds (additional examples and details are provided in Figs. S1 and S2).
As shown in Fig. 2 , which compares the simultaneously recorded neuronal and psychophysical thresholds (SI Methods), the most sensitive cells had thresholds that were twofold to threefold larger than psychophysical thresholds. Because preferred directions of cosine-tuned primary otolith afferents are distributed throughout 3D space (21, 22, 24) , only a few cells with heading preferences around lateral motion axes are maximally sensitive in the heading discrimination task. As a result, because the stimulus was not tailored to the heading tuning properties of each cell, the neuronal-to-psychophysical threshold ratio averaged 9.10 ± 2.77 (geometric mean ± SD; Fig. 2 , marginal distribution along the diagonal).
Neuronal thresholds did not depend significantly on discharge regularity, as characterized by a normalized coefficient of variation (CV*; Spearman rank correlation: P = 0.11; Fig. 3A and SI Methods), even though there was a tendency for regular afferents with CV* < 0.1 to have greater thresholds (geometric mean ± SD: 27.14 ± 2.31°, n = 56) than irregular afferents with CV* > 0.1 (geometric mean ± SD: 15.16 ± 1.65°, n = 6) (Wilcoxon rank sum test: P = 0.11). One possible reason why neuronal thresholds were relatively independent of CV* is because both tuning slope and median response variance (across all headings tested in the discrimination task) increase as a function of CV* (type II regression: P = 3.9 × 10 −7
, r = 0.59 in Fig. 3B ; type II regression: P = 1.6 × 10
, r = 0.92 in Fig. 3C ), such that they largely counteract each other. Similar results have also been reported previously during sinusoidal stimulation in the absence of a perceptual task for both otolith (25, 26) and semicircular canal (27) afferents.
Comparison with Central Cell Properties. Fig. 4 compares response properties of otolith afferents with response properties of central neurons in the VN and CN. Although stimuli used in the current study had a shorter duration and greater peak acceleration than those stimuli used in the previous VN/CN study (SI Methods), behavioral thresholds of animals in the current study (using an acceleration of ± 2 cm/s 2 and duration of 1 s) are within the range of thresholds measured previously with a stimulus duration of 2 s and acceleration of ± 1 cm/s 2 . Thus, duration and acceleration trade off to some extent, and comparison of neuronal (E) Individual (gray curves) and mean (black curve) neurometric functions (cumulative Gaussian fits to ROC data from n = 62 otolith afferent fibers).
With the exception of eight fibers, all primary otolith afferent data were recorded while trained animals performed the discrimination task. ) and weakly on median response variance (type II regression: r = 0.19, P = 0.07; Fig. 4 A and B, black symbols) (13) . Similar relationships between neuronal threshold, tuning curve slope, and median response variance were found for our sample of otolith afferents (type II regression: r = −0.94, P = 2.7 × 10 −29 for tuning slope; r = −0.33, P = 0.01 for median response variance; Fig. 4 A and B, red symbols). We also found that neuronal thresholds of otolith afferents depended on response gain for lateral accelerations (Fig. S3A) . Interestingly, the geometric mean threshold for otolith afferents (25.7 ± 2.3°) was not significantly different from the threshold of central neurons in the VN/CN (23.0 ± 3.4°) (Wilcoxon rank sum test: P = 0.12; Fig. 4C ; Fig. 4E ). Thus, low gains and low variance in otolith afferents are transformed into higher gains and greater variability in central neurons.
Choice-Related Activity. In contrast to the similar neuronal thresholds exhibited by otolith afferents and VN/CN cells, choice-related activity differed markedly at these two early stages of vestibular processing. As shown previously (13), CPs were frequently large and inversely correlated with neuronal thresholds in VN/CN (Fig. 5A, black symbols) . In contrast, CPs were very weak and not significantly correlated with neuronal thresholds for the otolith afferent population (Fig. 5A , red symbols; type II regression: r = −0.16, P = 0.26). Among 54 otolith afferents for which CPs were computed, only two showed significant CPs (Fig. 5A , red filled symbols), which is approximately the proportion expected by chance. At the population level, the average CP (0.50 ± 0.07) for otolith afferents was not significantly different from chance (t test: P = 0.67), and was significantly less than the average CP for VN/CN neurons (0.60 ± 0.10; Wilcoxon rank sum test: P = 6.4 × 10 −9
; Fig. 5A ). Several of the VN/CN neurons with the greatest CPs have neuronal thresholds that are lower than the most sensitive afferents. To ensure that the difference in CP between afferents and central neurons is not due to neuronal sensitivity, we performed two additional analyses. Using analysis of covariance, we found that the difference in CP between areas was significant when the logarithm of neuronal threshold was included as a covariate (main effect of brain region: P < 0.001; main effect of log threshold: P = 0.036; interaction: P = 0.88). We also analyzed a subset of neurons from each area with thresholds ranging from 10-40°; among this group, the median thresholds were not significantly different (Wilcoxon rank sum test: P = 0.26) but the mean CP for afferents (0.499 ± 0.064) was significantly less than the mean CP for VN/CN neurons (0.589 ± 0.097, P = 8.8 × 10
−6
). Thus, the difference in CP between areas cannot be attributed to differences in sensitivity. One possible explanation for the absence of significant CPs in otolith afferents is that they have very low response variance (Fig. 4E) . However, we found no significant correlation between CP and median response variance among otolith afferents (Spearman rank correlation: P = 0.85; Fig. 5B ). Note that even the cells with the largest variance had small CPs (Fig. 5B) , suggesting that these conclusions apply to both regular and irregular afferents.
Finally, we explored how our findings for otolith afferents depend on the time window used for analysis, which was a 400-ms window centered on peak acceleration in all analyses above. We computed neuronal thresholds and CPs in 400-ms windows centered at different times relative to the stimulus onset (Fig. 6 ). Neuronal thresholds were smallest for times around peak acceleration (vertical dashed line) and peak deceleration, and there was no significant difference between acceleration/deceleration thresholds (Wilcoxon signed-rank test: P > 0.1; Fig. 6A ). This threshold profile occurs because the dynamics of otolith afferents follow the profile of linear acceleration (20) ; thus, they exhibit their maximum response at either peak acceleration or deceleration. In contrast to neuronal thresholds, CPs hovered around the chance level of 0.5 at all times during the response (Fig. 6B) , with only two time points having a mean CP significantly different from 0.5 (Fig. 6B , solid circles, both of which are slightly but significantly <0.5). Thus, there was no clear evidence for a correlation between otolith afferent firing and perceptual decisions at any time point during the motion stimulus. We also examined neuronal thresholds and CPs using analysis time windows of different lengths (Fig. S4) . The smallest neuronal thresholds were observed with window sizes between 200 and 400 ms, whereas CPs showed no significant dependence on window length (analysis of covariance: P = 0.67).
Discussion
We have found that peripheral sensory fibers innervating the otolith organs have heading discrimination thresholds that are of similar magnitude to thresholds in the VN and CN (13) , as well as to thresholds of cortical neurons (1-3). Despite having similar sensitivities, responses of otolith afferents do not correlate with perceptual decisions, whereas activity of central vestibular and cortical neurons does. These results suggest that choice-related activity first emerges in brainstem and cerebellar neurons with response properties that have been sculpted by the computations necessary to code selectively for inertial self-motion, independent of changes in orientation relative to gravity (15, (28) (29) (30) .
Sensitivity of Otolith Afferents. In our experiment, heading was varied in the stereotaxic horizontal plane, whereas the major planes of both the utricle and saccule lie elevated to the stereotaxic horizontal plane (21, 22) . Specifically, the mean preferred direction of utricular afferents was measured to be 8.6°above the stereotaxic horizontal plane (22) , and similar or slightly larger angles were reported in the rhesus monkey (16) . Although this difference in elevation means that otolith afferent fibers were not tested under optimal conditions, the expected effect on sensitivity is quite small, on the order of a few percentage points. Comparing neuronal and behavioral sensitivity, we find that only the most sensitive otolith afferents have discrimination thresholds that approach the psychophysical threshold of the monkey (Fig. 2) . Although it might be surprising to some readers, this observation is consistent with studies that involve fine discrimination tasks in other sensory systems, where perceptual threshold may be set by the most sensitive neurons available (4). For example, similar findings have been reported for orientation discrimination in primary visual cortex (V1) (31) , fine direction discrimination in the middle temporal (MT) visual area (7), and fine binocular disparity discrimination in areas V4 (32) and V1 (33) . In contrast, studies that have compared neuronal and psychophysical performance in coarse discrimination or amplitude discrimination tasks have often reported that many single neurons are more sensitive than the animal (5, 6, 9, but also ref. 34) .
Notably, stimuli used in the present study, as well as our previous studies of central and cortical vestibular neurons (1, 3, 13, 35) , were not tailored to the tuning properties of each neuron. The most sensitive cells encountered in our sample have the largest lateral acceleration gains and heading preferences that are roughly orthogonal to the forward direction, such that they are most sensitive for discriminating headings around straight forward (Fig. S3) .
Otolith afferent thresholds have been measured previously using sinusoidal stimuli (25, 26) , but behavioral data were not collected simultaneously. Thus, neuronal thresholds were instead compared with human perceptual thresholds (36) . However, macaque and human thresholds may not necessarily be similar. In fact, psychophysical thresholds vary greatly across subjects within both species (e.g., figure S2C of ref. 13) , thus making it difficult to compare neuronal and perceptual performance that is not measured simultaneously in the same subjects. In addition, vibrations inherent to the various motion platforms used within and across laboratories may affect thresholds, thus further complicating comparisons. The present study is the first, to our knowledge, to record afferent and behavioral sensitivity simultaneously in the peripheral vestibular system. Population Sensitivity. An important question is how combining the responses of many sensory neurons determines the overall sensitivity of the population code. Some previous studies have attempted to determine the number of neurons (pool size) necessary to predict human perceptual thresholds from neuronal thresholds measured in macaques, assuming that neuronal population thresholds decrease as a function of the square root of pool size (26, 37) . We believe that this approach has major flaws because strong assumptions must be made regarding the shared variability among neurons (correlated noise) and the efficiency of population decoding, both of which remain largely unknown. Specifically, the structure of correlated noise in vestibular afferents is very difficult to measure (but refer to ref. the neural population (38) (39) (40) (41) (42) (43) (44) . When correlated noise is present, as is the case in the VN/CN (13, 35) , population thresholds may not decrease with the square root of the number of neurons and predictions based on the square root law could be dramatically inaccurate. Moreover, for a fixed neural pool size, population thresholds can also depend substantially on whether the decoder has full knowledge of the structure of noise correlations or not (42, 45, 46) . Some noise correlations can be removed by an optimal decoder, but there is no guarantee that the brain is optimal and accounts for all correlations that can be removed. Perhaps most importantly, some types of correlated noise are informationlimiting and cannot be removed by any decoder (40) . These contemporary theoretical studies have important implications for our findings. Specifically, the fact that some sensory fibers are nearly as sensitive as behavior would imply either information-limiting correlations or massively suboptimal decoding to account for behavior (42, 45, 46) . We consider it more likely that the total information encoded by the otolith afferent population is constrained by information-limiting correlations (40) , in which case it is inappropriate to use the square root law to predict behavioral thresholds as previous studies have done (26, 37) . Unfortunately, it is unlikely that measurements of correlated noise from pairs of neurons provide a good estimate of the informationlimiting correlations (40) . A direct test of the existence of information-limiting correlations may require simultaneous recordings from several thousands of neurons for long periods of time, which is currently not technologically feasible, especially for otolith afferents.
Choice-Related Activity. The second major finding of the present study is that otolith afferent fibers do not exhibit choice-related activity. CPs have been reported many times for sensory neurons in cortical areas (e.g., refs. 1-3, 7, 10, 47-60). However, relatively little is known about where CPs first emerge in sensory processing streams. According to a bottom-up explanation of choice-related activity, CPs may appear at stages of processing where sensory signals are represented in a format appropriate to drive behavior. In contrast, if CPs are primarily driven by top-down signals, as suggested by recent studies (11, 48, 54, 55, 61, 62) , they could appear at any stage of processing that receives decision-related feedback. In the vestibular system, targets of feedback could potentially include the primary afferents through their efferent innervation (63) .
Until recently, all reports of significant CPs had come from studies of cortical neurons and it was unclear whether subcortical cells, closer to the sensory periphery, exhibited CPs. Indeed, two recent studies in the somatosensory system reported no choicerelated activity in the thalamus (64, 65) . Taking advantage of the fact that the same basic forms of directional selectivity are seen at many levels of vestibular processing (12), we showed that subcortical neurons in the VN and CN exhibit robust CPs that are greater than CPs seen in the cortex (dorsal medial superior temporal area) under identical conditions (13) . Importantly, significant CPs were found only for VN/CN neurons that represent translation (i.e., heading) without being confounded by head orientation relative to gravity (13) . From these data, we suggested that CPs may emerge in the vestibular pathways when signals are represented in a format appropriate to the task (i.e., translation signals for heading discrimination). Because otolith afferents only encode the net gravitoinertial acceleration (15), our present results showing no CPs in otolith afferents greatly strengthen this interpretation. Note that signals from otolith afferents could be used to perform our task because head orientation does not vary; however, we suggest that downstream representations are generally decoded for heading perception because translation and head orientation relative to gravity often covary under natural conditions.
Our results could be explained by either a bottom-up or topdown account of CPs (or both, because they are not mutually exclusive). To create a representation of translation in VN/CN, otolith afferent signals must be combined with processed signals from the semicircular canals and perhaps other sources (28) . This transformation introduces new sources of response variability into the VN/CN representation, and may at least partially account for the greater response variance observed in these central neurons (Fig. 4) . In a bottom-up account of CPs, response variability following these transformations would drive trial-bytrial fluctuations in perception, whereas the low variability of afferents would not covary systematically with percepts. Our findings are also compatible with a top-down origin of CPs if feedback signals carrying decision-related signals selectively target translation-coding neurons in the VN/CN. Although there is feedback to otolith afferents (66-69), our results suggest that decision-related signals do not propagate all of the way back to the afferents. In either case, our findings demonstrate clearly that a transformation of vestibular signals downstream of the primary afferents is necessary for the emergence of CPs in vestibular heading perception.
Methods
A detailed description of the experimental protocols and analyses is provided in SI Methods. Responses of otolith afferents were collected from four male rhesus monkeys (Macaca mulatta) during a fine heading discrimination task around psychophysical threshold. The motion trajectory (13 cm of displacement) was 1 s in duration and followed a Gaussian velocity profile (peak velocity of 41 cm/s), with a corresponding biphasic linear acceleration profile (±0.2 G = ±1.96 ms −2 ). All procedures were approved by the Institutional Animal Care and Use Committee at Baylor College of Medicine, and were in accordance with National Institutes of Health guidelines. Using ROC analysis, neural activity was used to compute neuronal thresholds and CPs (5, 10).
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